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1.0 EXECUTIVE SUMMARY

Forestsand their productgrovide manybenefitsincluding clean water, recreation, wildlife habitat,
wood productsenergy,as well as carbon sequestration and climate change mitigafibisproject
assesses past atfidture carbon sequestration and mitigation potential acralss forest sectoiof
Pennsylvania with a focus on State Forest laiitiss research resulted froencollaboration between

the U.S. Forest Service and the Pennsytv8spartment of Conservation and Natural Resou(Pds
DCNR)The objectives were to: 1) develop a baseline assessment ofrcsidicks andequestration

rates onState Fores, 2) compare State Foresarbon stocks andarbon uptakgsequestratiof ratesto
the other land ownerships in PA, and 3) evaluate the imgpaictarious forest management and product
sectorclimate changenitigation scenarios oforest sectorcarbonsequestratiorthrough 2050.

Acompleteanalysis of forest sector carbon trends alithate change mitigation potential requires a
systemsbased approaciwhich examines net emissions from all forest sector componéitiese
components includéhe forest ecosystem, harvested wood products, anddfieidedemissiondrom
substituting woodbased products for emissientensive constration materials and fossil fuddased
energy To conduct this research,enapplied such a systentmmsed approach within a carbon modeling
framework which includes: 1) a growth and yield based ecosystem makelCarbon Budget Model of
the Canadian Forest Sector, 2) a lifecycle harvested wood products mibdeCarborBudget
Modelling Framework for Harvested Wood Products, and 3) publistsptbdement factorso evaluate
substitution benefits

The results presented here are to be viewed as estimates of carbon stocks, emissions, and mitigation
potential. Thesestimatesare contingent on the models and datasets used, which all contain some
levels of uncertaintyResultsf this analysigndicate that etween 1990 and 2017 the forest ecosystem
of State Foreststored on averagan estimated243.2 tonnes (metric tons) of carbon per hectafdis
was greatethan carbon storage on Private andi@t Public lands, but less than National Forest lands.
State Forestsequestered approximate§.3tonnes(metric tons)carbonper hectarefrom 1990 to

2017 Carbon stocks arexpectedto continueto increaseon public lands in the state, including State
Forestscausing forests to maintain a carbon sink thro@§#s0.However, aforests agethe strength of
this carbonsinkis projected todecline due to increased mortality atalver growth rates Of all
ownerships, State Forests haradativelyolder standages which has led to the slower rates ofirbon
uptakeover the past few decade# loss of forestlandn Private landscombined with aging effects

may causérivate landsto shift to a carbon sourcédowever, wheraccounting for carbon stored in
harvested wood productalong withforest ecosystem, all ownerships in the state will maintain carbon
sinks through 2050.

Results of the mitigation analysis indicate that extendiagvestrotationsandincreasing the propdion
of wood commoditiesised forlongHived products have the highest mitigation potentimtween2020
and 2050 Combining multiple management actiotiet targetrotations, residuaiseand productivity
or other combinations of forest management and guet strategiesmayalso be effectiveScenarios
aimed at increasing bioenergy productisesulted in both reductions and increases in emissions
depending on the feedstock used atiek shift in the proportion of other woogroducts While this
study provigs an evidencéased quantitative evaluation of the biophysical forest sector mitigation
potential, it is critical to also consider the so@oonomiceffectsas well as cost effectiveness and



feasibility ofapplyingforest sector mitigation strategie€abon uptake and storagés just one of the
manybenefitsthat these diverse, muliuse forestgrovide. If enhancing carbon sequestration is a

managemengoal, it is important to consider it along with other management objectagewell as its
impacts ornother criticalforest benefits

Key Words
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2.0HIGHLIGHTS

The results presented here are estimates and
projections that are based on models and
datasets containing a range of uncertainties.

Forest Ecosystem

T

From 1990 through 2017, average
carbon stock density was highest on the
Allegheny National Forest, followed by
State Forest landsvhile stock density
was lowest on Private lands.

The Allegheny National Forest
experienced the greatest increase in
forestecosystem carbon stocks from
1990 to 2017, whil®rivate landand
State Forest landisad the lowest.

From 1990 through 2017, total
ecosysten carbon stocks on State
Forestshave increased bgn estimated
7.7 million tonnes (9.3 t C Bafor a
rate of about 0.29million tonnes per
year.

The rate of carbon sequestration has
been decliningacrossall ownerships
andif current conditions and
disturbance rates persist into the
future, sequestration iexpeded to
continue to declinghrough 2050

The dedhe in the strength of the
carbon sink is largely thesult of forest
stands aging State Foresthave
generally older age classes, with over
70% of stands 80 years and oldéthile
older forests typically store more
carbon, their productivity (growth te)

is lower and emissions are higher due
to greater morality and respiration from
decay of dead organic matter.

Results bre indicate thafforest
ecosystenemissionon Private lands

would have beemoughly20%lowerin
2017 if there had not beeforestcover
lossfrom 1990 through 2017

Harvested Wood Products

From 1990 to 2017, HWP from State
Forestssequesteredoughly 2.8 million
tonnes of carbon (3.4t C Hg for a
rate of about0.10 million tonnes per
year, which accounts for roughly %ilof
all arbon sequestered in wood
products in the state.

HWP accounted foaipproximately30%
of this increase in carbon storage for
State Forets, while the forest
ecosystem which mostly experienced
increasesn aboveground live biomass,
accounted for the other 70%.

Privateforestsfollowed byState
Forestshave accumulated the most
carbon in HWP perectaresince 1990.

Across ownershipsiost of the
harvested wood carbohas been

stored in sawlogs followed by
pulpwood. The majorityof HWP
emissions are from shotived products
includingthe use of mill residuefor
bioenergyand pulpwood. Products with
longer retention times store carbon for
longer and thus have lower annual
emissions.

Forest Sector Mitigation

1 Of thelOmitigation scenarios we

evaluated orfState Fores, extending
harvest rotations to 130 years, which
results in a decrease in annual harvest
removals,s projected tohavethe
greatest cumulative mitigation benefit
from 2020 through 2050reducing
emissions byan estimated5%



A portfolio of management scenarios
that were applied simultaneously
including anore modestextended
rotation (100 years), increasing
productivity, and collecting additional
harvest residues for bioenergy ranked
second reducing cumulative emissions
by roughly3.7% by 2050

Increasing the proportion of
commodities used for lontived wood
products also had a mitigation potential
(2.7% emission reductiobecause it
reduced HWP emissions and displaced
emissions from altenative fossil fuel
intensive materials.

Of the bioenergy smnarios evaluated
here, increasinghe use of logging
residues for bioenergy had a mitigation
benefit (1.4% emission reductioms

well as shiftindharvested woodrom
pulpwoodproduction to bioenergy
(1.7% emission reduction)

Shorening harvest rotations and using
the additional roundwood for bioenergy
is projected to increaseumulative
emissiondy an estimated3.2%by

2050 However,it may take several
decades and multiple rotations for the
forest system to accrue the carbon
removedfrom additional harvesting

and emitted from biomass burning

Shiftingmaterials from longived
products to bioenergys also projected
to cause a smaiiet increase in
emissions oapproximately0.96% by
2050.

If forest loss due tmatural gas
expansion or urban developmeniere
to continue to expand acrostate
Forests the impactof deforestation
(4,700 ha by 2050nay cause a

cumulative 1.66 increas in emissions
by 2050.Theimpacts of deforestation
would continue to accrue overtime as
each year the carbon that would have
been sequestered in growing trees is
foregone.



3.0INTRODUCTION

Since the industrial era, human activitiesludingfossil fuel burning, land usghangeand agriculture

haveled to the dramatic rise ajreenhouse gas (GH@issionsaltering theLJt | y S G Q#PC®Ot A Y I ( S
2007) The increasé K S  9surfade Krd &cean temperatures hasentributedto numerous changes

such asncreasedate and severity ofropicalstorms and wildfires, sekevel rise, droughts, and species
declines(NCA 2014)The Intergovernmental Panel on Climate Change suggedtsitraficant

reductions in GHG emissions will be neededvyoid themost harmful effects of climate change,

recommends that thide achievedacross aleconomicsectors(IPCC 2013)

Forests provide a variety benefitsincluding recreation, wood prodts; clean waterand carbon

uptake (sequestrationdnd storaggJanowiak et al. 2017)he potential of forests to play a vital role in
mitigating climate change has long been recognitedalsoremains uncertain (Canadell and Raupach
2008,Lundmark et b 2014 Wieder et al. 2015)As forests grow, thesequestercarbon dioxide CQ)

from the atmospherewhich offsetssome fraction ohumancausedGHG emissiondn the United
States, brests make up the largest terrestticarbon sinkoffsettingroughly12%to 19%of the GHG
emissions from fossil fuel burnifByan et al. 201,0JSEPA2015. Assessing forest carbon trends and
the factors that influence carbon sequestration and emissiarthe forest sectocanhelp to improve

our understanding bthe opportunitiesfor forests and their productto play an enhanced role in the
mitigation ofclimate change.

Forest sector mitigation strategies may be diverse and target land usgehforest ecosystes)

and/or the wood productssector. For instance, strategies may aimitngrea® or maintain thearea of
forestand by reducing deforestation dmplementingreforestation activitiesAnother option is to apply
silviculturaltreatmentsor to modify management practices tocrease forest carbon densit@n the
other hand, reducing stand density in some forests may be necessary to enfesigtanceo more
frequent and severe disturbances that can have more damaging effects on carbagestblurteau and
North 2009) Alsoharvested woodroductscould beutilizedin placeof products that require more
fossilfuel energy to producée.g., steel, concrete, and plastitjood-based fuels (bioenergypuldbe
used directly in place of fossil
fuel energyunder some
circumstance¢Canadell and
Raupauch 20Q8almsheimer et
al. 2008 McKinley et al. 201,1
Birdsey et al. 2018

Accurately quantifying how
biophysical processes and
management have impacted
forest carbon dynamics
historically isa necessaryirst
step if the goal iso implement
effectivemitigation strategies
now and inthe future. The
exchange of carbon between the
forest and the atmosphere is
driven by complex and
interacting processes including

& e’ »
T el T

Elk State Forest, Photo by Alexa Dugan, U.S. Forest Service
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growth and mortality, decagf dead organic mattey climatevariability, the amount of C@in the, and
natural andhumancausedlisturbancegRyan et al. 2010Ecosystem carbon modelsat integrate
forest inventory dataset¢e.g. Forest Inventory and Analygigps://www.fia.fs.fed.us)), and remotely
sensed disturbance and landechange productse(g.,Hansen et al. 2013Jomer et al. 2015Goward
et al. 201§ make it feasil® to estimateforest carbon stocks and emisas These tools and datasets
also enable amassesment ofthe impacts of different factors on past anfiiture carbon dynamics
(Zhang et al. 201Raymond et al. 2035

Carbonthat is removed from the atmosphetwy forests can be stored in the forest ecosystartiving
biomass, coarse and fine litter (both above and belowground), and soil organic m@dtdron is also
storedoutside the ecosystem inarvested wood commodities such as building materials andtfumni
To fully evaluateforest carbon trends anthanagement strategiethat reduceforest sectoremissions, it
is necessarto use a systems approatinat looks beyond the forest ecosystentarbon storage and
emissionsalso need to be evaluated the product sector as well ashe substitution benefits ofising
wood products in place of emission intensive materials amdsf{iNabuurs et al. 2007,empriéreet al.
2013 Smyth et al. 2014

We applied a systerdsased approach to evaluate forest sector carlseguestration and mitigation
potential across the forests of Pennsylvanireasingly, state governments have pledged their support
for reducing carbon emissions moitigate the most harmful effects of climate changedy and Grannis
2015. State Forestandscomprise approxnately 17% of the total foreknd in the U.SDilling et al.
2013)making theman importantcomponentof the U.S.carbon cycleAlthough most of thes.9 million

hectt NBa 27F t Sy ylandate@rivately buihéd Staté Rafestsiaccount for rougi@90,000
hectares(13%) whictare managed by the Pennsylvania Department of ConservatmaNatural
wSaz2dz2NOSa 6t! 5/bwod !'a | flFyR aiSgl MRDEGNRRas i K
identified climate bange as a principal forest stressor in Pennsylvé)NR 2015nd has outlined a
strategic framework to address climate change through mitigagind adaptation (DCNR 2018he
latestPA DCNR Climate Change Adaptation and Mitigation Plan (DCNR itientified specific

actions to enhance carbon sequestration on State Forest lands including adjusting timber rotations and
avoiding conversion dbrest to nonforest. We collaborated \ith the PA DCN® evaluatepast and
prospective forest carbon trendmdthe biophysical impacts ofrange offorest management and
harvested wood products mitigation scenarifos State Forestand otherownershifsin the state

w

This study builds on past wottkat demonstrated the data, modeling tools, and analyticahfework

needed toevaluateforest sector climate change mitigation using case studies for selected sites in North
American (Olguin etla2018, Smyth et ain press, Dugan et al. in revigévn this study we worked in
partnership with a land management institutidm move from case studyp the application ofa carbon
modelingframeworkto support land manages in theirt decisionmaking Howeverwe onlyassess the
biophysical impacts of forest sector segios. An analysis of th@cioeconomic implicatiorendthe

costs, feasibility, or impacts ather ecosystem services associated with implementation of
management strategiewas outside Ihe scope of this work

Estimates of forest sector carbon sto@d emissions as well as mitigation potential were derived from
forest inventory data and remotely sensed lanske change and disturbance datasets within a carbon
modeling frameworkhat includes: 1) a growth and yield based ecosystem notlet Carbon Budgt
Model of the Canadian Forest Sector, 2) a lifecycle harvested wood productstnibdeCarborBudget
Modelling Framework for Harvested Wood Products, and 3) published displacement factors
substituting wood fiber for fossil fudlased energy or prodis
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3.1Forest Sector Carbon Flows

Forests interact with the atmospheby both absorbing and emitting carbdnve vegetation absorbs

carbon from the atmosphere and stores ittire roots, wood, leaves, and bark of trees. As trees

continue to growthey periodically shed leaves and dead branches while some trees die. Microbes in the
soil work to break down and decompose this dead organic matter, which rel€3émck into the
atmospheric ecomposition (Fig.1).

v - Atmosphere

.
W I ~._ Combustion from
— o O] R Sl forest fires (carbon
2 | dioxide, methane)
Combustion ¥om lorest fires w
(carbon dioxide, methane) Growth Decomposition 4.
. Y.
Harvested ‘ Harvests Live Mortality |  Standing Dead
Wood S 1 Vegetaton = Vegetation
3 / Harvest — "
Processing Resiue ° Litterfal ?
Consumption Mortality " Treefa
/ : S Y
= 4 ‘
Wood Tor Woody Dol;ns. » \
| Products Fuel | L ~ |
et . Logging Residue /
" Disposal / ' / : :
) Incineration m ‘ Humification .Dec‘oinpc.;sjno_n . 4w,
' : f
HE | Landfils | \ / , . J
\ " T \ Soll Organic E Decomposition
\ | Material - -
2 f L e A
Decompostion Methane '
Flaring v .
and , ~ —
Utikzation | Legend
4 [[] carbon Poo
» Carbon transfer or flux
Combustion

Figurel. Forest sector carbon pools and flows (Heath et al. 2003, Birdsey et al. 2014).

Disturbances such as insects, fires, and abiotic events (wind, tornado) emit carbon into back to the
atmosphereeither via combustion (fires) or by increasing the amount of deedd which then
decomposesHarvesting also removes carbon from the for&iring harvests, some logging residues
may be left onsite to decomposklowever, mosharvested wood is transfeed to the product sectokto
be used for productsr fuel. Wood productscan store carboffior years to centuries depending on the
type of commodity(e.g., saw logs, pulpwood, paneBurablewood productscanthen be used in place
of other higher carbon eitting products such as steel, concrete, or plasticarzood-basedfuels
(bioenergy)an be used in place of fossil fuel eneMfhen products a retired they may lolisposed of
in landfills where they may slowly en@Q and methane CH), a very potent ggenhouse gas, back into
the atmosphere as they decompodeetired products may also lieirnedwhich releases carbon back
into the atmosphere, or the energy may be captured, replacing fossil fuel enifitgy disturbance
eventsor harvests forests will restablish and ovetime recover allor more)of the carbon that had
beenreleased thus completing the carbon cyqRyan et al. 2010, McKinley et al. 2010)
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Box 1¢ The six forest sector carbon pools used in this report.

Aboveground liver Theaboveground portions of all live woody
and herbaceous vegetation, including branches, stems, and foli

Belowground liveg All live woody vegetation stored beleground
including living coarse and fine roots.

Dead woodt Standing dead trees includimgarse nonliving
roots. Down dead wood, also known as coarse woody debris,
includes all nonliving woody biomass lying on the ground
(branches, tops, stumps)

Forest floorg Includes the litter, fumic, and humic layers and all
nonliving foliage and fine @i biomass lying on the ground above
the mineral soil.

Soil carborg Includes all organic material in the mineral soil belo
the forest floor to a depth of 1 m but excluding coarsets of the
pools mentioned earlier

Harvested wood All products in us and in landfills. Products in
use include endise products that have not been discarded.
Products in landfills where most carbon is stored legn and
only a small portion of the material is assumed to degrade at a
slow rate.

Environmental factors
including atmospheri€0O;
concentrationand climate
can impact the ratef tree
growth and decomposition
thus impacting the flow of
carbon between the
atmosphere and the forest.
Human activities such as
burning of fossil fuels,
widespread use of organic
fertilizers, and changes in
land use have been known to
increase atmospheric Gé@nd
nitrogen deposition.
Generally, increases in
atmospherc CQ or nitrogen
depositionact as forest
fertilizers,enhandng growth
and the rate of carbon uptake
(Pan et al. 200Keenan et al.
2013.

Elevated concentrations of
CQand otherGHGglue to
human activities have led to
climatic changes including

warmer temperatures and regional shifts in precipitation (Walsh et al. 2014). In some regions, warmer
temperatures can cae moisture stress and more rapid decomposition of surface and shil & &l.

2007, thus increasing C emissions. In high latitude or altitude locations, warmer temperatures can
enhance tree growthWay and Oren 20)0Drought conditions can reduce trgeowth both during the
drought and up to several years after, in turn making forests lesstalallbsorbCQ (Anderegg et al.

2015. On the other hand, increased precipitation and humidity can enhance tree growth and C uptake
(Nemani et al. 2002

4.0METHODS
4.1Study Area

Pennsylvania contains roughly 17 million aq@$8 million hectaresyf foresied land consisting of
mostly mixedoak and northern hardwood specidsincludes some of the largest contiguous blocks of
forestland east of the Mississippi RivBennsylvania forests are @dominately privately owned (70%)
Private ownership is made up family forest ownerg52%), corporations (13%gonservation
organizations and hunting clubs (5%). Although family foresteraimold over half of PA fordahds,

12



only 14% is under management plans (Albright et al. 200#.other 30% of PA foréahd is under

public ownershipPAState Forests comprise 13% of the fetexl area in the state, making it onetbe
largest areas gbublicly owned foredaind in the Eastern U.S. Other looaktate owned forests

comprise 14oand include PA State Parks and other city and municipal forEsesfederahllegheny
National Foret occupies roughlg:™s 2 F G KS a0l EHEMNE F2NBAGSR | NBY

. National Forest Other public State Forest . Private Nonforest

0 15 30 60 A
e Viles

Figure2. Land ownership map of Pennsylvar@@avnership data is provided by the USGS3eeted Areas
Database and the Pennsylvania Department of ConservatidiNatural Resourceg&levatiorbase data
are provided by the USGS National Atlas of the USA.

The states dominatel by hardwood forests occupying 97% of forested sta@dsheU.S. Forest
Servicd-orest Inventory and AnalygisIA)orest typegroups, Oak/Hickory54%)and
Maple/Beech/Birch(33%) are the dominant forest types groups in the state (Albright et al. 2014).
Pennsylvanigroduces more hardwood lumber than any other state making the timber industry an
AYLERNIFyYy(d O2YLRYSYyld 2F (GKS adGrisSga SoO2y2yvyeéeo

Like many forests in theortheastern U.Srecent forest structure and associated carbon trends are
strongly linked tahe history of unregulated timbenarvestsand the conversion of forestland to
agriculture, followed by a period of recovery and restoration beginning ireéityto mid-20" century
(Birdsey et al. 2006}or much of the 19century, the U.S. timber industry was centered in the
Northeast However, the depletion of merchantable timber and the settlement ofwhestern U.S.
caused the logging industry to move wesid@. By 1900, some 300 years after Edmmericans first
settled the region, the need for forest restoration and protection became evidean(ad et al. 1997

13



In the 1940s the timber industry in thenortheastern U.Sstarted toaccelerateagain. Timber production

increased throughout much of the mitP00s, peaked in the late 1980s and then declined rapidly in the

1990s and 20004 ¢effler et al. 2013 This history of timber harvestirand forest restoration in the

northeastplayed an impdant role in shaping forest carbon dynamics over tiieeseeffects of

historic land use and management are eviderhia stand age structure (Fig. Rahich showa peak in
stand establishment in the early to mid

30% 20" century andcontainsgenerally

2 m Aspen/Birch _ older stands whiclstore more carbon
S 25% - .I\E/Ilerlnpllséit/egggﬁix&)d —f but areless productiveéhan younger
© 20% 4 mOak/Hickory forests (Fig2b).
2 Oak/Pine
‘g 15% 4 = Spruce/Fir In addition to timber harvestingnatural
% 10% White/Red/Jack PiEe - _dlsturbances mqludlng/lndstormsand
o - insectscan also impadborest carbon
506 4 dynamics in Pennsylvani@ne of the
- = mostpervasiveand damaging pests has
0% 4+ E e e S B S S S S S o e been the Emerald Ash Bor@AB) By
& r&rﬁ @,@ @/@ %Qi‘g’ 0,\9% Q,\,’vq Q,»@ Q,@ 2017, all & counties in PA were infested
S CAE with EAB(PA DCNRAfter a tree has
= 350 been infested, it may take up to 3 years
S for the damage to become apparent
£ 3001 and up to 5 years for the tree to die
g 250 Howeveras[n trecvasAonIy, make up abqut )
= o_dbc LISNOSy U ZT_stsyyéétQ
> (Liu 2013. The spread and severity of
£ 150 - insect outbreakspathogens, and
*%' 100 4 invasive plant speciesre projected to
S intensify with continuedvarming
g 50 1 trends associated withlimate change
0 4 (Dukes et al. 2009
C2R8IBIRISESIBIZIR . . .
IR B B B B R Theprincipalscope of this analysis is the

Stand age (years) StateForest land$SFL) within
Figure 2 (a) Stand age distribution and (b) growth and  PennsylvaniaThe PA DCNR is
yield curveswhich represent annual carbon accumulatiol responsible for the management of the
by forest type foState Forest lands Pensylvania. 890,000 haZ.2 million acreyof SFL.
While this studyprimarilyfocuses on
the carbon dynamics o8F|_we provide
similar analyses across all ownerships in@menmonwealth (se@ppendix) as well asomparecarbon
trendsbetweenSFL and other ownerships.

4.2 Modeling Framework

Tofully evaluate baseline carbon stocks and emissions as willest sectormitigation scenariosve
implemented a systems approach by utilizing an integrated modeling framework. A systems approach
encompasses carbon accounting in the thigerconnectedcomponents that make up the forest
sector:(1) the forest ecosystem(2) harvested wood productsnd (3) the substitution of bioenergy for
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fossil fuels and wood products farore fossitfuel intensive building materials (FB).(IPCC 2007,
Nabuurs et al. 2007, Lempriere et al. 2013, Smyth et al. 2014)

Multiple Sectors
AN

- Forest Sector D
AL
4 N
bioenergy i« fossil fuel
forest A
ecosystems v

wood products)‘ »| other products

?

Carbon Budget Modeling Framework
for Harvested Wood Products
(CBMF-HWP)

Carbon Budget Model of the
Canadian Forest Sector (CBM-CFS3)

Displacement factors

Figure 3 Systems based approach encompagsie forest ecosystefhich includes landse change)
harvested wood products, and the substitution of wood for fossil fuels and emiistogive building
materials, and the modeling tools utilized for each component.

4.2.1Forest Ecosystem

We first modeled forest ecosystem carbon dynamics with the Carbon Budget Model for the Canadian
Forest Sector (CBI@FS3) (Kurz et al. 200@hich we configured for Pennsylvania forest typ@BM
CFS3 ia spatially referencedandscape scale, growth and kldased, carbon accounting model
compliant withUnited Nations Framework Convention on Climate Change (UNBGCDe
Intergovernmental Panel on Climate Change reporting guidelines (IPCCQBOSYFS3 has been used
extensively to evaluate forest carbdmudgets and mitigation potential both in Canada (Stinson et al.
2011; Smyth et al. 2014, 2018; et al. 2018and abroad (Pilli et al. 2018J|gun et al. 2018) The

model tracks carbon stocks and transfers through 10 biomass padisl dead organic atter pools
Although forests absorb G@om the atmaosphere via photosynthesis, disturbances such as fires also
emit CO and CHThuswe used 106year global warming potentials (GWP) to convert all gases to CO
equivalents (Cg). Within the CBMCFS3 maal, atmosphericQO; enters the forest ecosystem via
photosynthesis and is storeas carborin living biomass. Disturbanceadbiomass turnover (mortality
and litterfall)transfer carbon frontivingbiomasspoolsto the dead organic matter (DONnd soll
carbonpools andback to the atmospher@-ig. 4)Harvesting transfers carbon from the ecosystem to
the products sectortimber and biomass production and consumption systgms
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Figure 4. A schematic of the CBMFS3 model (Figure 1 in KuraleR009). Atmospheric carbon
enters the forest ecosystem via photosynthesis and is stored in living biomass. Distyrbimncass
turnover (mortality and litterfall), and decomposititnansfercarbon from biomass to the dead
organic matter (DOMand sal pools and back to the atmosphere. Harvesting transfers carbon fr

the ecsystem to the products sector.

The CBMCFS3 model uses a géiiss approach to carbon accounting. This requires data on stand
attributes from a single inventory year plus infoaition on carbon gains (growth and
afforestationfreforestation) and carbon losses (deforestation, disturbances, harvests, and mortality).
This method of carbon accounting makes it possible to isolate the effects of individual factors on carbon
dynamicswhich is critical for mitigation analysi¥Ve compared ecosystem carbon stocks during the
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historical period (1992017) modeled using CBEIFS3 to results of théarbon CalculationTool (CCT).
The CCT model uses a statiange approach to summarize the aahle Forest Inventory and Analysis
(FIA) data using allometric equations (Smith et al. 2010; Woodall et al. 2011).

We employed apatially referenceé@pproach in which each record in the model represents a stand

within the landscapevith similar attributes but where the location of the stands within the unit is not
specified. Stands are stratified by a set of classifiginich are then used to target specific stands for
disturbance and management activities and to apply specifiztirand yield curves. For Pennsylvania,

we defined seven classifiers: (1) Ownergtgvate, State Forest, Otheullic, Forest Service), (2)

Forest Type Group based on the FIA classification, (3) Unit (east versus west) based on groupings of FIA
samplingunits and counties, (4) stand origin (planted versus natural), (5) protected status (eligible for
harvest or not)and(6) wood type (softwood versus hardwood) in order to target harvests when the
harvested forest type is unknown

We utilizedCBMCFS2lefault
model parameters for voluméo-
biomass conversions, dead organic
matter turnover rates, and
merchantable tree proportionaNVe
then replacedselectdefault
parameters to capturette
biophysical conditions in
Pennsylvania. For instance, we
replaced the mean temperature
with the 30year mean annual
temperature for the state of
Pennsylvania (PRISM Climate
Group). We also updated the
nonforest soil carbon values used
for stand initialgation to reflect
average cropland soil carbon in

PennsylvanigPotter et al. 2006). Elk County, Penwlma.Phot by Alexa Dgan, U.S. Forest Servit

CBMCFS3 requireseveral key data

inputs including aletailedforest inventoryfor the starting yeardata onhistoricaldisturbances and land
use change, and growth anield curvesFor forest inventory data, we used the 2017 PA DCNR
vegetation typing spatial database for State Forest lands and the USFS Forest Inventory and Analysis
(FIA) database for the 2015 inventory (USDA Forest Service 2017) for all other ownémsdmaktion to

the classifiers described above, standsre also grouped by stand age aaskigned amareafrom the
inventory dataWe rolledback the forest inventory stand ages to the start of the simulation (1890)
estimate thestand agegor the starting year For any stand that established between 1990 and the year
of the inventory(2017 for SFL and 2015 for Fl&}tatistical rule based algorithm was appliedssign

stand aggKurz et al. 2016We converted the PA DCNR vegetation typing forest types to FIA forest type
groups.Growth and yield curves describing the merchantable volume as a function of starfexagég.
2b)were derived for each ownership and forest type combination from the @afnLine Estimator
(COLE) (Van Deuson and Heath 2010) which is based on Flatalot d

We used land cover change (LCC) fromNh#&onal Land Cover Database (NLCD) 1992/2001 retrofit
product (Fry et al. 2009) and the 2001 and 2011 products (Homer 20@al; 2015ps a proxy for land
use change (LUC; deforestation and afforestat{@maple 1)We constrained the NLCD product by
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excluding any changes between forest and grassland/herbaceous, to reduce the likelihood of
harvests/regrowth being classified 8 UCMean annual rates of afforestatidreforestation and
deforestation from 2002011 were applied to the remainder of the simulation period (2Q080).LUC
was minimal asinynew development (roads, structuregghts of wayhave mostlyeen limitedto
non-forest landswithin the State Forest system (Shawn LehnRADCNRpers. communicatior) thus
we did not include LUC f&@tate Forest lands$n addition,LUC was minimal on the Allegheny National
Forest, thus was also excluded from the simulation.

The historical anual area disturbed was derived from the North American Forest DyndWii&\ Earth
Exchange (NAFBREX) product which was derived from-80resolution Landsat imagery fro1986
2010. Following Mascorret al.

(2014), we attributed the causes of 8000

disturbances to firesising £ 2000

Monitoring Trends in Burn Severity o

(MTBS) database (Eidelshink bta & €000 7

2007) and the Fire Information for 2 5000 - insects

Resource Management System ?s 4000 4 abiotic

(FIRMS) databas&$DIS 2015), anc @ _

insect, defoliatorsand abiotic < 30009 wire

factors using the Forest Service 2000 +

National Insect and Disease Surve 1000

(Johnson and Wittwer 2008lrig. ol a N 0 BRRUNARVRRRIT
5). For the Allegheniational

Forest we utilized spatiabgplicit FE S F S LT
manually verified disturbancand Year

harvestmaps which includes

disturbance type, year, and Figure5. Area disturbed by type from 192017 for
magnitude (Healeyteal. 2014, Pennsylvania forestsighter bars represettistorical 10
Raymond et al. 201Rugan etal.  year average disturbance rates.

2017).Although insects are the

dominant disturbanceype, the

annual area impacted gny disturbancés small relativdo the total area of foredand (Fig. 5)We
applied 10year average rate of historical disturbandesm 2001-2010to the rest of the simulation
period (2011-2050).

We usedthe FIATimberProduct Output (TPQJata retrieval system
(https://www.fs.usda.gov/srsfia/php/tpo_2009/tpo_rpa_intl.phpo determine the volume of
softwood and hardwood roundwood removed from 192@12 onPrivate, Sate, andOther Public
forests.ForPrivate andOther Public lands, theemovals were then divided into clearcut (85%
merchantable stemwood removal) and partial cut (45% merchantstel@wood removal) based on
data from Oswalt and Smith (201d)d were used throughout the simulatioRor State Forestsve

used data from the PA DCNR annual timber reports to breakdown volume renmv&tate Forest
landsinto the following treatment categories: clearc{85% merchantable stemwood removat)earcut
with salvagg85% merchantable stemwoahd 50% standing deadowd removalypartial cut(45%
merchantable stemwood removalpartial cut with salvagé5% merchantable stemwood and standing
dead removal)and salvage onlp0% standing dead removaBor use inte CBMCFS3nodel we
converted volumetric roundwood renvalsto biomass using specific gries from the FIA database
(USDA Forest Servig@17) and equations for calculating biomass from Woodall et al. (28dd)then to
carbonby multiplyingbiomass by 0.5 based on the assumption that biomass is 50 peradrtrgFig.

18



6). We applied 16/ear average rate of removdi®m 20032012 to the rest of the simulation period
(20132050).
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Figure6. Merchantable carbon removals for by ownership from
1991-2017. Lighter bars (2033017) represent historical Jkar
average removals.

4.2.2HarvesiWood Products andSubstitutionBenefits

Carbon in wood harvestedom the CBMCFS3imulationswas then transferredo the Carbon Budget
Modelling Framework for Harvest Wood Products (GBHAWP) which quantifies emissions through the
harvested wood product (HWP) sect@BMFHWP accounts for emissions fromanufacturing of
commodities, bioenergy, mill residues, domestie and export, angost-consumer treatment of

retired products (Fig).Ly G F { Ay 3 | &ahedharvagsaimitg tiatNgves@& iood\Nias
instantaneously oxidized in the forest ecosystem, caulsargest emissions to be counted in tfaest

ecosystem, all emissions from wood harvested from the forest ecosystem are tracked in the HWP sector
using the CBMFHWP model.

Harvested roundwood, salvaged wood, and residues (tops, stuingss) enter the product sector to be
processed into variousommodities We used theFIATPO data to determine the proportion of

harvested roundwood manufactured ftlie commodity classes including saw logs, veneer logs,
pulpwood, composite panels, fuelwood (bioenergy), posts/poles/pilings, and other induswilgis

(Fig.8), as well as the disposition of mill residues to coatlities, bioenergy, or disposallational

statistics on the proportion of commodities exported outside of the U.S. versus consumed domestically
were obtained from the U.S. Timber Productidrade, Consumption, and Price Statistics, £26%3

Report (Howard and Jones 201Geir Table 53 The halflife of each commodity defines the decay rate

at which carbon in the produéh-use category is spent ansitransferred to the discarded catego
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Figure 7.The fate of carbon in harvested wood products (HWP). TheREBNP tracks stocks and emission through the lifecycle of
manufactured commodities, exports, milling, product retirement, and bioenergy combustion.
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Commodity inusehalf-lives were assumed to be 40 years for saw logs, veneer logs, other industrial, and
posts, poles, and pilings, based on average values from Skog (2008) and IPCC (2013), 27 years for
composite panels, 3.25 years for pulpwood (IPCC 2@t8) zero years fduelwood (bioenergy)

assuming fuelwood was burned the year it was harvestéd assumed that all retired products were
stored in landfills.

Tobuild up HWP stockwe ran the CBMFHWP model for the 50 years prior to the analysis peffian
1940 to 1989.This enabled théncorporation ofHWP stocks and emissions that were produced prior to
the analysis period but that are still-irse or have been retired during tlmalysiperiod. We assumed
that historical timber product output ireased steadily from 1940 through 1990 levels at a rate of
approximately2% per year following estimatdéom National Forest lands in the Northeast (Loeffler et
al. 2014)We alscapplied the 16year average disposition of harvested roundwood commodéagses
from 1990:1999to this spinrup period.

The substitution benefits of utilizing bioenergy to displace fossil fuel energy and wood products to
displace more fossil fuel intensive building materials was also included in this systems approach.
Average diplacement factorswhich were calculated at the national level for Canadian forests were
applied to bioenergy and loAgred wood products (saw logs and composite panels).

We utilized the following average displacement factors: @dshes of carbor{tC) displaced petonne
of carbon (tCpf sawnwood, 0.45 tC displaced per tC of panels, and 0.89 tC displaced per tC of bioenergy
(Smyth et al. 2016). To calculate the avoided emissions for each product type, the displacement factor is
then multiplied by thequantity of C utilizedor bioenergy or longelived products (Smyth et.a2014).
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Figure 8 Annualized proportions of roundwood removals in each
commodity class fdPennsylvanialighter colored bars from 2012

2017 indicatehistorical10-yearaverages applied from 2@1through
2050.
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4.2.3Mitigation Analysis

We evaluateden mitigation scenarios that target the forest ecosystem and/or the product sector
begimingin 2020 (Tabld). Scenarios or scenario intensitisgmetimestarget individual ownerships.
The mitigation effect is calculated:as

M=EqE

WhereM is the mitigationeffect, B is the baseline scenario emissions @i the mitigation scenario

emissions. By calculating mitigation as tliference between thenet GHG emissions of the mitigation
scenario and of the baseline scenatiel y I f @aiAa | OO02dzyid F2NJ dl RRAGAZ2Y I |
each mitigation activity while factoring out effects common to the scenakos each scenario, net

emissions wre estimated as the sum of emissions from the three forest sector components:

E=F+P+D

WhereEisthe net GHG emissionBjs the net emissions from the forest ecosystd?is the emissions
from the products sector (includes bioenergy and landfill emissions)Dasithe displaced emissions
from substituting wood for bioenergy and other materials.

I 0l aStAyS aodzaAaAySaa | & dzidz f ¢ renttrerjddbasedosie¢ NA 2 Ay D
average of recent past observatiookdisturbance and management and lande chang®ver the last

10 years of the historical period (20@P11). For each scenario the baseline rates of disturbande
LUGwere applied from 2012Hrough 2050 unless a particulactivity wasotherwise targeted by the
mitigation activity. Insect disturbances were excluded from the simulation period diretelatively

small area of historical impacénd high uncertainty in théuture affected area Furthermore, insect

impacts in the baseline and the mitigation scenarios would be cancelled out in the mitigation analysis to
isolate the mitigation activityAlso,even though they have been the most common disturbance in terms
of areaaffected (Fig. b insect disturbances atgpically low severity, often causing only temporary loss

of leaf cover (defoliation)While recent ash mortality from the EAB has been significant, ash represent a
small component (3.6%) of the forests in PA (Liu 2013).

The tenmitigation scenarios are described in detail below and in Table

Scenarial ¢ Short rotation: The goal of this scenario was to reduce harvest rotatishigh
increasesthe amount of wood harvestednd increase average growth rates by shifting more dsan
to younger age classe@/hile this scenario targets all ownerships, we applied a more significant
decline in harvest rotations ofitate ForestsTo implement this scenario we reduced the minimum
age for harvesting from 780years (depending on foresgpe) to 40 years for all forest types on
State Forest landand from 40 years to 35 years for all other ownerships (National Forest, Private,
Other Public)Reducing harvest rotations also results in an increasleeofolume oftimber

harvests. Thuse increasedhe merchantable carbon harvestdy 20% from baseline levels f8FL
and by 10% for all other landownewsll of theadditional harvestedvood wasused for bioenergy.

Scenaria2 ¢ Extend rotation High Thismitigation scenarios essentid{ the opposite of the short
rotation scenario in that iseeks to increase carbon stocks in the ecosydigraxtending the
rotation length.We achievd an extensionin rotation length by increasg the minimum harvest age
from 70-80 yearqdepending on foest type)to 130 years for all forest types @FLland from 40 to
60 years for all other ownershipExtending harvest rotations also results in a reduction of timber
removals Thus we reducedemovalsby 20%rom baseline levelen SFL and by 10% for eth
ownership classe&xtending rotations can also increase the size of merchantable trees making
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them more likely to be used for lodiyed wood(LLPproducts, thus we also increased the
proportion of wood for LLP by 5#hile decreasing the proportion efood for paper products by
5%.

Scenario3 ¢ Extend rotation Low. This scenario is a more modest version of scenave?.
increasel rotation length by reducing thlarvest removaldy 10% orSFL and by 5% on other
ownerships We alsdncreased the minimum harvest age from-80 years to 100 yeafsr SFL and
from 40 to 50 years for other ownership®/e increased the proportion of wood for LLPZh§%
while decreasing the proportion of wood for paper products by 2.5%.

Scenario4 ¢ Increase deforestation This scenario does not seek to achievmitigation benefit, but
rather evaluate thepotential carbon consequeresof deforestation ithuman activities such as
natural @s infrastructure were to further exparahto forested lands in thetate. In the baseline
scenariowe assumed State Forests and the Allegheny National Forest did not experience
deforestation. For this scenariove ramped up deforestation starting witth0 ha of forest
deforestedon SFL every yefnom 2020 to 2024, thendd ha per year from 2028029, 150 ha per
year from 2032034, and®200 ha perear were deforested from 2038050.0n the Allegheny
National Forestwe similarly increased deforestatidiy 25 ha peyea every five years until 100 ha
peryear were deforested from 2038050. On Other Public and Privdémds deforestation was
increased by 5%om historical levels fothe period from2020-2034 and by 10%om historical
levels for the perio®0352050.

Scenaridbg Increase esidues This senario shifts all clearcut harvests from typical-tadength or
tree-length logging which leaves some residues (tops, stutimpbs) behind to whole tregemoval

which removes the entire tredsaving no residuesn the forest floor to decayThe goal bthis

scenario is to in@ase the utilization oharvestresiduematerials forbioenergy. To implement this
scenario we increased the percentage of residues that are removed during a clearcut harvest from
70% (PA DCNBhawn LehmarRers.communicatiof to 100%. All additional residuesllected

were utilized for bioenergy.

Scenariob ¢ Increase productivity Thisscenarioincreasedorest productivityby 15% through
advanced silviculture, genetics, and site managementddieot propose specifisilvicultural or

land management practices, but rathassume that land managers may apply a range of practices
that result in an average increase in productivity of 1%896. SFL, thiscenario target$00 ha per
yearof existingOak/hickory standstie dominant timber forest typé & K A O Kyedrshald OnK ™
Private lands, we target500 haof existing Oak/hickory stangeryear. To simulate this increased
productvity, stands affected followa new growth curve generated by increasing the modeled
Oakhickorygrowth curves by 15% for the duration of teenulation period

Scenariof ¢ Portfolio: This scenario combines scenarios 2 (extend rotation, low), 5 (increase
residues), and 6 (increase productiyigndrepresents an array of potential forest magenent
activities that could be performed simultaneously. These activities interact with one another thus
their impacts are not additive and must be modeled together.

ScenaridB ¢ Increase LLPThe proportion ofoundwood used fofonglived wood productgsaw

logs) are increased by a total of 10% per year, while paper products (pulpwood) are decreased by
10% peryearfrom average levels (Fig..8) the baseline scenario, 61% of harvested roundwood is
used for sawlogs and 25% is used for pulpwood (Fidn 8is scenario 71% of roundwood goes to
sawlogs and 15% of roundwood goes to pulpwobatal removaldrom the forestare notchanged,

only the product mix is altered as simulated by the harvested wood product model.
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Scenarid® ¢ Increase bioenergydecrease pulp and papeiTheproportion of harvested wood used
for bioenergy productions increasedby 10% at the cost gfulp and paper product©Only the
product mix is alteredbut thetotal removalsirom the forestare notchanged.

Scenariol (g Increase bioenery, decrease LLH heproportion of harvested wood used for
bioenergy productioris increasedy 10% at the cost dbng-lived wood productsOnly the product
mix is altered but thetotal removalsfrom the forestare notchanged.

Table 1 Indicators for theen mitigation scenario$or PennsylvaniaThe parameter changes ardative
to the baseline scenario and all scenarios are implemented from-2020.

Scenario Description Parameter changed Parameter value

Short rotation Increaseharvests and reduce Harvested area +1098, +20% SEL
minimum harvest age. All Minimum harvest age 35 yrs, 40 yrs SFL
additional harvested wood is usec HWP componentshangé Additional harvests to
for bioenergy bioenergy

Extend Extend thdength of harvest Harvested area -1098, -20% SFL

Rotation, high rotation, reduce harvest removals Minimum harvest age 60 yr$, 130 yrs SFL

and increase the proportion of LLI HWP componentshangé LLP +5%, RB%
at the cost of paper products (PP)
Extend Extend the length of harvest Harvested area -59¢, -10% SFL
rotation, low rotation, reduce harvest removals Minimum harvest age 50 yr$, 100 yrs SFL
and increase the proportion of LLI HWP componentshangé LLP +2.5%, RR.5%
at the cost of paper products (PP)

Deforestation Steadily increase the annualea  Deforestation rate +50 halyrSFL
deforested from 202€2050. +25 ha/yMational Forest
+5-10%/yr Private, public
Residues Increase harvest residues colledt Residues recovere@b) 70% to 100%
for use in bioenergy to 100%. HWP component changes Additional residues to
bioenergy
Productivity  Increase productivity of existing  Growth curve +15%
Oak/hickorystandsthrough Area affected 500 halyr SFL
silvicultural activities. 1500 halyear Private
Portfolio Combine the Extend Rotation Harvested area -596, -10% SFL
(low), residues, and productivity ~Minimum harvest age 50 yrs, 100 yrs SFL
scenarios. Residues recovered (%) 70% to 100%
HWP componentshangé LLP +2.5%, RP.5%
Longerlived  Increase the proportion of HWP componergtchangé LLP +10%, RP0%

products (LLP harvested wood for LLP at the co:
of pulp and pape(PP).

Increase Increase the proportion of HWPcomponens changé Bioenergy +10%, RP0%
Bioenergy harvested wood for bioenergy at

(decrease PP) the cost ofpulp and paper

Increase Increase the proportion of HWP componergtchangé Bioenergy +10%, LLP
Bioenergy harvested wood for bioenergy at 10%

(decrease LLF the cost ofLLP
2 All landownerships (National Forest, Private, OtlRablic)other than State Forest Land.
PSFL stands f@tate Forestands.
¢Refers to the HWP commaodity proportions in Figure 8.
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5.0RESULTS

5.1Past and Prospective Carbon Stocks and Emissions in Forests and
Wood Products

In this section we examine results from the ecosystem m@@BMCFS3and theHWPmodel (CBMF

HWP)of estimates opastand prospectivearbon stocks andmissions As described in detail in the
methods section, w evaluated prospectivdrcND 2y G NBYR&a o6& Y2RSftAy3 GKS
scenario through 2050. We applied average historical rates of disturbances, management, and land use
change over the lagtecade that datavere availablethrough the projection period. These estinest

also assume that climatetmosphericCQ, nitrogen depositionand growthand yield relationships are
constant throughout the historical and future periods. Results reported here show historical (1990

2017) and projected (2018050) carbon stocks andrassions for each of the main ownership groups

within PA, with a focus on State Forest@orresponding figures feach of theownership classes as well

asall ownerships combinedan be found in Appendiggctions11.3 to 11.6.

It is important torecognize that theesults presented herare approximations and estimatehat
depend on modelgjatasets and assumptionsach with varying levels of uncertaintizor example,
inventory data contains measurement errors (e.g. species identificatiemdimension3$ and sampling
errors (estimates are based on a network of plots, not a censiglirbance and landse change maps
may have omission and commission err@surces of modedrrorsmay be extensive. For instance,
model errormay be associatedith standvolume modelsppliedconvert volumes to biomass and
carbon carbonpool models that allocate ecosystem stogitecay rates that are influenced by climate
and wood characteristicgndthe impacts of disturbances o@ estimatedy disturbance miaix
parameters (Kull et al. 2016), to name a févgsumptions also impact results. For instaieze we
assumedtlimate (temperature, precipitation, atmospheric @demained constant throughout the
simulation, and average rates of historical disturbae&re applied into the futurewhich may not be
a realistic representation of future conditiorisurthermore, all results beyond 2011 (the last year in
which most input datasets were available), are projectidiwerefore, values presented heagee one
representation of reality, buimay differ from estimates using other models, datasptsameters, and
assumptions.See section 6.4 for further discussion of uncertainty and limitations.

In section 5.1.1 we report fest ecosystem carbon stocks and emissid he net carbon balance of the
forest sector includes emissions of carbon dioxide;)JQ@ethane (Ck, and carbon monoxide (CO) and
are converted here to carbon dioxide equivalents 4&QAlthough forests absorb €om the
atmosphere via photosynthesis, disturbances such as fires also emit CO andeQl$ed global
warming potentials (GWP) to convert all gases te &fDivalents (Cg). Also, ¢ avoid double counting
emissions among components, we did not accdoniemissions associated with carbon transferred to
the wood products sector as instantaneous oxidation from the forest ecosystem (Stinson et al. 2011).
Insteadcarbonharvested from the forest igansferred out of the forest ecosystem and emissions
assodated with the harvested wood are tracked in the product sedimrest ecosystem emissions
without oxidation of removals are denoted here @slG., Given the inclusion of these other GHGs as
well as the tracking of emissions associated with harvest rafsam the product sector, the fraction of
GHG emissions to carbon stocks will be smaller than the ratio of their molecular weightsK8r67).
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reference, we present forest ecosystem emissions with oxidation of haested in Appendix section
11.4, whit aredenoted adNVsnsfollowing Stinson et al. 2011.

In Section 5.1.2, we report ararbon storage iHWPand postconsumer usei ., landfill storage) and
emissions associated withood harvested from the ecosysteimcluding transport, processing,
biocenergy burning, and postonsumer uses (i.e., landfill emission®)e emissions related to harvests
reported in section 5.1.{GHG.9 and emissions related to HWP reported in 5.dah be combined and

would not result in double counting.

In Section 5.13, we report thenet carbon balance of the forest sector (section 5. u8)ich includes
the combination oforest ecosystem and HWP stocks, as well as emissions associated with the forest

ecosystem and HWP, and product/energy substitutdisflaced enssions.

In section 5.1.4, we explore the various factors that have influenced carbon stock and emission trends
across the ownership classes in Pennsylvania.

Box2 ¢ Carbon Units. The following table provides a crosswalk among va
measurementsunits used in the assessment of carbon stocks and emissig
Tonnes Grams
Multiple Name Symbol| Multiple Name Symbol
1¢° Gram G
10° kilogram Kg
10° tonne t 100 Megagram| Mg
10° kilotonne Kt 10° Gigagram | Gg
10° Megatonne | Mt 10% Teragram Tg
10° Gigatonne Gt 108 Petagram Pg
102 Teratonne Tt 10 Exagrame| Eg
101 Petatonne Pt 107 Zettagram Zg
10 Exatonne Et 1074 yottagram Yg
| hectare (ha) = 0.01 Kw 2.471 acres = 0.00386%mi
1 tonne (metric) = 1.1023 short tons (U.S.)
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5.1.1Baselindorest carbon stocks and emissions

5SALIAGS GKS KAIK OFENARIFIoAfAGE 2F OFNbz2y aiz201a FyR

classesmodelingresults indicated similar trends across ownerships in the stiaital ecosystem carbon
stocksandcarbon stock density (amount of

Table 2 Estimates ofdtal change (sequestration)  carbonstock per unit areahave increased
in forest carbon stocks and carbon stock density  across the four owership classes in

from 1990 to 2017 by ownership. Pennsylvaniaver the historical perioffom

Ownership Stock Density Total Stocks 1990 to 2017Fig 9, Table P Our modeling
t Chat MtC estimates suggest thacosystenmcarbon

State Forest 93 77 stocks across the commonwealiticreased by
Private 10.1 499 approximdely 77.5MtC (11.6t Cha?) (Table
National Forest 17.6 3.6 2), or at a rate of about 0.4tbnnes C per ha
Other Public 16.2 16.3 per yearsince 19900n SFL, total ecosystem
All owners 11.1 775 carbon stocks increased fromughly195.6

MtC (236.4 t Cha) in 1990 toabout203.3
MtC (248.7 t (ha?) in 2017 for a net

300 sequestration ofoughly7.7 MtC(9.3 t Cha?).
g 280 Between 1990 and 201 National Forest
= ownership clasgAllegheny National Forest)
% 260 had on averagéhigher carbon density than
2 the other ownershipsfollowed by SFL.
s 240 Although private owers comprise 70% of the
% gﬁ\';ate forestiand in the state and thus store much
© 20 National Forest more total carbon than the other ownership

200 b ———OtherPublic classes combined (Table3), Private lands

1990 2000 2010 2020 2030 2040 205c haveconsistently hadhe lowest carbon
Year density(Tabled).

Figure9. Modeled totalforest carbon stock density i ¢ giti intained h
from 1990 to 2050 across ownership classes in current conditions are maintained over the

Pennsylvaniavalues beyond roughly 2011 are next few decades, ecosystem carbon stocks
proiected. are projected to continue to increase and

Table3t Estimates of averag®restcarbon stocksnfillion tonnes carbopfrom 19962017 by
ownership class and carbon pool, PennsylvdEstimates include carbon on all land classes (forestlal
remaining forestland and conversions).

Carbon pool

Above  Below Dead Forest  Soil Total

Ownership class ground ground  wood floor
MtC

State Forest 59.7 13.7 30.8 15.6 80.9 200.6
Private 314.1 74.0 189.0 93.3 507.5 1178.0
National Forest 15.1 3.4 8.2 4.0 21.0 51.7
Other Public 68.6 15.9 38.0 18.3 1005 2414
All owners 457.6 107.0 266.0 131.2 709.9 1671.6
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Table 4 Estimates of average forest carbon stock der(sttgnescarbonper ha)from 19902017
by ownership class and carbon pool, Pennsylvania.

Carbon pool
Above Below Dead Forest  Sail Total
Ownership class ground ground  wood floor
Tonnes C per ha

State Forest 72.1 16.5 37.2 18.8 97.7 242.3
Private 63.4 14.9 38.1 18.8 102.4 237.7
NationalForest 74.1 16.6 40.4 19.9 103.1 254.0
Other Public 68.1 15.8 37.7 18.2 99.8 239.5
All owners 65.2 15.3 37.9 18.7 101.2 238.3

Table5t Estimates of gerage annual change in carbon stock density (rate of sequestration) by
ownership class per decadern 199 to 205Q PennsylvaniaA negative value indicates a decreas
in carbon stocks.

Period
1991 2001- 2011- 2021- 2031- 2041-
Ownership class 2000 2010 2020 2030 2040 2050

tC hal yrl
State Forest 0.48 0.33 0.16 0.13 0.09 0.05
Private 0.46 0.35 0.27 0.12 0.01 -0.08
National Forest 0.52 0.75 0.69 0.61 0.52 0.41
Other public 0.69 0.61 0.45 0.36 0.26 0.17
All owners 0.32 0.28 0.18 0.08 0.00 -0.08

forests will continue to sequester
carbon. Howeverthe rate of carbon
sequestration is projected to decline
across all ownerships (Table 5). For
instance, from 1992000 SFL
sequestered cann at a rate of 0.48
tonnes per ha, but from 2000 to 2010
this rate declined to 0.33 tonnes C per
ha and is projected to continue to
decline in coming decades (Table 5). O

100%

80%

60%

40%

20%

— —

-
—_—

0%

Percentage of forest carbon stock

Private landscarbon stocks are Private  Other National State All
projected to peak in 2036 and then Public  Forest Forest
decline through2050, signifying the Ownership class

switch from an ecosystem C sink to a m Aboveground m Belowground m Forest floor= Dead woodms Soi
source. However, this does not account
for the carbon removed from the forest
ecosystem that continues to be stored ii
HWP. Estimates indicate thidational

Figure 10Estimated percentage of carbon stankeach
ecosystem carbon pagaveraged from 1990 through
2017by ownershipThe sum of the five poatsthe total
ecosystem carbon.
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Forest lands have consistently had the
highest rate of sequestration, which
have increased from 1990 through the
early 2000s, but are also projected to
decline in coming decades (Table 5).

Across ownerships, the soil pool stores
the majority of forest carbon, followed
by the aboveground livearbon pool
(Fig. 10, Tables 3, 4). On SFL, 40% of tl
forest carbon is stored in the soil, while
30% is stored in the aboveground live
biomassOver the historical period, the
majority of the increase in §tocks
occurred in the aboveground live pool.
However, in the projected period (2018
2050), the foresfloor and the dead
wood pools are expectkto experience
the greatest increases as forests
continue to age and experience greater
mortality.

g 0 T T T T T T T T T T T T
J0) ]
N
O -1 4
O
B2 1
&
T 3 State Forest
© Private
4 National Forest
1 Other Public
-5

1990 2000 2010 2020 2030 2040 2050
Year

Figure 11 Modeled net GHG emissions perth@Qe ha-
1) for the forest ecosystem from 1990 to 2017 by
ownership class, Pennsylvania. Hige values indicate a
net sink.Estimates include do not include emissions fro
the removal of HWP. Values beyond roughly 2011 are
projected.

Carbon emissions are typically reported from the perspedaiiviie atmosphere. Thus a negative value
indicates that the forest is a net sink, removi@@ from the atmosphere (growth)whereas a positive

value indicates the forest is a net source,

emitt® to the atmosphere (disturbance, mortality,

decay). The balance between absorption and emission determines the carbon balance of the forest.

On averagdrom 1990 through 201/each ownership class in PA maintained net forest carbon @higs
11, Table6). Annuallyindividual forestownershipsabsorbed betweer.4and 3milliontonnes ofCQe
per hathroughout this periodFig. 11) However as with ecosystem carbon stockse strength of the
sinkof CQe has detined steadily since 1990 on State Foreftdvate, and Othdpublic lands.

Sequestration of C@ steadilyincreasedon

Table 6.Estimated aerage annual net GHG emissior the Allegheny National Foresntil 200§
(CQe) per hafor the forest ecosystem from 1990 to  thenbegan to declinePulses of increased

2017 by ownership class, Pennsylvania.

Negative  emissions occurred during periods of

values indicate a net sinEstimates include do not elevated harvesting as wood was transferred
include emissions from the removal of HWP. out of the ecosystem. However, nall

carbon was lost during harvesting as much of
it is stored in harvested wood products (see

section 5.1.2).

From 1990 through 2017 foresis PA
absorbed roughly 6 million tonnes(2.38
tonnes per halCQe per yearfrom the
atmosphere Table 6Fig. 1). The Allegheny

GHGeo

Ownership MtCQe tCQe

per ha
State Forest -1.60 -1.94
Private -11.21 -2.26
National Forest -0.56 -2.73
Other Public -2.65 -2.63
All owners -16.02 -2.38
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National Forest hadn average thénighest rates o€Q sequestratiorduring the historical periodwhile
SFland Private lands hadad the lowest.

Although forest ecosystem emissioase projected tancrease and the strength of the simkaydecline
in coming decades, all ownership classeslikédly maintain a net sink of G&(Fig. 6). Private forests
are projected toexperience the most rapid decline in the sink due to both agingeaipéctednet forest
loss (see section 5.1.4) (selsoAppendix 11.4 Fig. A.4lowever, results of ecosystem carbon stqcks
which transfer C in harvested wood out of the forest ecosystatiicated that private landsouldshift

to a C source in 203Table 5, Fig. 9YVhenincluding theemissionsaassociated wittithe instantaneous
oxidation of harvested wooffom the forest ecosysterfiN\erng as presented in Appendix 11 #he
resultsindicate that Priate forestsmayshift to asourceof CQein 2037 Over the next few decades,
Allegheny National Foreg& predicted tamaintain the strongest C sink (Fig. 6).

Thedirectional trends of stocks (increase), emissions (increase), and sequestratio(dexte=asepre a
result of multiple factors includinfiprest aging, disturbancetnd use changeand environmental
conditions These driving factorand the relationship between trends in carbon stocks and emissions
discussed irvection 5.1 of this report.

5.1.2Baselindharvested wood products carbetocks and emissions
In thisanalysis of HWParbon stocks and

emissionsve assumel that the product sector B 10
started accumulatingtocks inl940as part of a g ﬁr':ibate
spirtup simulation Thus stocks and emissions E 8 National Forest
containinherited stocks from products-useas § Se Other public
well as products that have beestired to landfills % 8
prior to 1990. g 24
)
Carbon storageniHWP across all ownerships a2
increased froman estimated36.4MtC in 1990 to % 0
61.4MtC in 2017 sequesterin@5MtC (3.6t Cha 1090 2000 2010 2020 2030 2040 2050
1 or 093 MtC per yea(Fig. 12. Carbon stocks in Year
products sourced from private landequestered  Figure 12 Estimated accumulatioaf HWP
a total ofapproximatelyl9.9MtC @.0t C hat) carbon stocks (per unit area) by ownership cla:

from 1990 to 2017For State Forests only, HWP ( in Pennsylvania/alues beyond roughly 2011 ar
storage increased frombout2.4MtC in 1990to  Proiected.

roughly5.2MtC in 2017, for a total sequestration

of 28 MtC @.4t C ha') (Fig. 12, 18). Wood sourced from Private lands accounts foow@al80% of the
carbon sequestered in wood products from 1990 to 2017, while State Forests accout¥fpOther
Pubic lands 8%, aml the Allegheny National Forast.0%.

Across ownerships, most of the harvested wood carbon is stored in safelimyged by pulpwood. In
2017 roughly 60% of the carbon harvested from SFL was stored in sawlogs, while pulpwood stored
roughly 20%, and mill residues stored 1(Pig. 13).

Harvested wood C storagdouldcontinue to increase even as the volume of wdwdvested may level
off. This is because the additioficarbon in the HWP pool through harvest exceeds the rate of decay of
products. Thus iharvest rates and commodity ratioemainas they were in theecentpast as in this
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simulation,HWP C storagas well as the rate of carbon sequestration in Hav@still projected to
increase as more commodities are producdedy. Fig. 3a). If commodities are retired and transferred to
landfills as we assumeh this analysisthe Cisretainedfor many decade# centuriesdepending on

the commodity resulting in lonterm carbon storage even after product retiremertowever, the
timeframe for which carbon is retained after product retirement depends on commodity ratios, the
product decay rates associated withose commodities, and end of life disposal (landfibboming),

which may change in the future. We explore the impacts on changing commaodity ratios and harvest

rates in the mitigation analysis.
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Figure B. (a) Total carbon accumulation and @»)nual
emissions by commodity type from harvested wood

products from State Forest lands. Values beyond roughl

2011 are projected.

Although totalCstorage in HWP has
increased overtime, trends in annual
emissions have more closely followed
harvest ratesCumulative emissions
from the HWP sector across all
ownership classewere estimated to
total 132 MtCQe from 1990 to 2017,
of whichapproximatelyl0 MtCO2e or
7.5% came from wood products
harvested on SFL. Annual HWP
emissions between 1990 and 2017
from SFL averaged 0.36 Mtg(per
year (Fig. 13b). Annual emissions on
SFL were elevated between 2008 and
2012(Fig. 13bYue to elevated harvest
volumes during this time periofFig.

6). Emissions are also projected to
gradually increase over the next few
decales as more products are retired
and begin to slowly decay in landfills.

While sawlogs store the most C (Fig.
13a), the annubemissions associated
with sawlogs are relatively low and
delayed(Fig. 1®) given thér longer
lifespancompared to other prodats.
On the other hand, wood used for
bioenergy (fuelwood) produces
immediate emissions thus do not store
any C in HWP, while pulpwood sto@s
in shortlived paper products that also
produce emissions relatively quickly.

Roughy 75-80% of roundwoods processed for products arttie rest ends up as mill residues. Most mill

residues are utilized for either bioenergy (roughly 2%5f%goes back into the product stream to be used

for commodities like pulpwood (65%). As a resaitfijough a large pontin of harvested wood become

mill residuesthey account forasmall fraction of HWP C storage, but almost half of all HWP emissions
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(mill residue waste and mill residue bioenergy}tsesy are utilized immediately in bioenergy or other
short-lived products.

5.1.3Forest sector carbon balance

By combininghe carbon storage in the

forest ecosystem and HWi#e can more

comprehensively characterize baseline
forest sector carbon trend®esults

Ay
(ee]

m AGbiomass
m BGbiomass

=
(]

14 FF
12 m Deadwood indicate thatthe PAforest sector has
m Soil

experienced an increase in C storage,
indicating a net sink and is projected to
maintain this net C sink through 2050 (see
Fig A4, in Appendix section 11.4). Likewise,
Cstorage inHWP and the forest
ecosywtemof State Forestmcreased from

1990 2000 2010 2020 2030 2040 2050 an estimatedl98 MtC in 199@ 208.5

Year MtC in 2017or a total increase ofoughly

Figure 14(a) Estimated arbon accumulation in the 10.5MtC (Fig. 14b).Although,HWRonly
forest ecosystem pools and harvested wood products stored on average 2% of all foresstctor
from 1990 to 2050 for State Forests in Pennsylvania. carbon stocksabout 30% othe increase
Values beyond 2011 are projected. in stocks from 1990 to 201dccurredin
the product sectoFig 14b). If recent
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Figure 15Modeled anualCQe balancdor State Forest landsyhich is the sum of sequestratior
from the forest ecosystem, emissions from HWP sector, and displaced emissions from subs
wood products for other emission intensive materials and fosd# {left axis)Thehistorical
harvest (MtC) per year are shown by the dark green bars and tedGaverage (2062011)
harvest is shown by the light green bars (right aXs}e that carbon associated with harvested
carbon are reported in the HWP emissions only andheohet forest emissions. Values beyond
roughly 2011 are projected.
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